Human immunodeficiency virus (HIV) is
Human immunodeficiency virus type 1 (HIV-1) is estimated to have newly infected 4.3 million people worldwide in 2006 (41) . The transmission of HIV occurs primarily through contact with rectal, genital, or intestinal mucosal surfaces (69) . Once at the mucosal barrier, free virus and virally infected cells can enter the body through gaps in the epithelial lining, but both simian immunodeficiency virus and HIV can also cross without apparent damage to the epithelial layer (47, 71) . Other routes allowing HIV access to mucosal lymphoid cells include transcytosis across epithelial tight junctions and directly through epithelial cells via the galactosyl ceramide receptor, as well as transepithelial transport by Langerhans cells, dendritic cells, and M cells (2, 5, 8, 37, 49, 70) . Human epithelial cell infection in vitro is enhanced by semen complement (11, 33) , and gp340, a protein on genital tract epithelial cells, binds HIV and increases infectivity (71) . HIV replication in vitro has been reported to occur in epithelial cells from the colon, uterus, and oral cavity and salivary gland cells, although the presence and role of epithelial cell infection in vivo are debated (23, 24, 26, 29, 62, 63, 65, 75, 76, 84) .
Early HIV infection causes significantly more damage to mucosal than to systemic lymphoid tissues, and in both rhesus macaques and humans, mucosal CD4 ϩ T cells are rapidly infected and killed within the first few weeks of infection. This rapid decline of mucosal T cells is irrespective of the route of infection (31, 60, 78) . The transmission rate correlates with the viral load and is highest per coital act during the first months of infection (79) . Therefore, methods to reduce early viremia have implications for lowering transmission rates.
Understanding the interactions of HIV with the main mucosal antibody class, immunoglobulin A (IgA), may help identify methods to decrease viremia. HIV-specific IgA has been detected previously in genital and intestinal secretions, and the IgA collected has been shown to neutralize HIV in vitro (17, 18, 44, 61, 82) . Secretory IgA produced after oral immunization has also been able to neutralize HIV, and lymph node immunization in macaques can generate protective mucosal immunity (13, 50) . The presence of IgA antibodies against HIV can correlate with resistance in sex workers and in uninfected sexual partners of infected individuals, and in some instances, the antibodies mediate cross-clade protection (7, 18, 19, 44, 45, 57, 58, 64) . In contrast, uninfected HIV-exposed individuals have not been shown to have anti-HIV IgG (32, 52) .
To protect from HIV and other microbial pathogens, IgA mediates host defense functions via the polymeric Ig receptor (pIgR) that enables the basolateral endocytosis of IgA and its subsequent transcytosis through the mucosal epithelium. Intracellular neutralization is a protective function whereby antiviral IgA interferes with virus production via an intraepithelial cell action. This IgA function has been shown previously for Sendai virus, measles virus, influenza virus, and rotavirus and for HIV via antibodies against envelope gp160, as well as the internal proteins reverse transcriptase (RT) and Gag (15, 25, 27, 54-56, 68, 81, 83) . The ability of basolaterally endocytosed IgA antibody to meet apically endocytosed HIV intracellularly and prevent the virus from reaching the basolateral compartment by recycling it to the apical side has also been termed intracellular neutralization (1, 6, 9, 17, 34, 35, 80) , although in our view this phenomenon is more accurately de-scribed as a variant of immune excretion in which already formed IgA antibody-antigen complexes are endocytosed basolaterally and transcytosed intact to the apical surface (43, 66, 81, 83) .
No previous studies have demonstrated the IgA-mediated excretion of HIV from the basolateral surface across polarized epithelial cells to the apical surface. In the present work, we show that IgA antibodies against HIV envelope proteins were capable of binding intact HIV virions and mediating their transport from the basolateral (serosal) compartments across polarized epithelial cells into the apical (luminal) compartments of Transwell chambers. Both monkey kidney cells transfected to express pIgR and human cells with endogenous pIgR expression were permissive for HIV excretion. Of note, two IgA antibodies against gp120 and gp41 were synergistic.
MATERIALS AND METHODS
Cell culture and viruses. African green monkey kidney cells, Vero C1008 (ATCC CRL 1587) cells, human endometrial adenocarcinoma HEC-1A (ATCC HTB-112) cells, and human colorectal adenocarcinoma HT-29 (ATCC HTB-38) cells from the American Type Culture Collection (ATCC, Rockville, MD) were used to evaluate virus excretion. The Vero C1008 cells had been transfected and stably expressed human pIgR (38) . Both pIgR ϩ and pIgR Ϫ Vero cells were grown in Eagle's minimal essential medium (Invitrogen, Carlsbad, CA) containing 10% fetal bovine serum (FBS; HyClone, Logan, UT) with 0.2 mg/ml Geneticin (Invitrogen) added for pIgR ϩ cells. The human cell lines HEC-1A and HT-29, which naturally express pIgR, were grown in McCoy's medium (Invitrogen) containing 10% FBS. Cells of the Vero, HEC-1A, and HT-29 lines polarize easily and transport IgA efficiently. All cells were grown on tissue culture-treated, 0.4-m-pore-size Transwell polyester membranes (Costar Corp., Cambridge, MA) to allow the formation of polarized monolayers. Polarization was assessed by monitoring electrical resistance between the apical and basal chambers (38) . Polarized Vero, HEC-1A, and HT-29 cells had values of 60 to 80, 210 to 270, and 120 to 140 ⍀ per cm 2 , respectively. Vero cells were plated at 2 ϫ 10 5 cells per membrane and used on day 4 to 5. HEC-1A cells plated at 3 ϫ 10 5 cells per membrane were used between days 5 and 7, and HT-29 cells plated at the same density as HEC-1A cells were used on days 7 to 10.
Human T-cell lines CEM-SS and 174 ϫ CEM were obtained from the AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, NIH, and both were cultured in RPMI 1640 medium (Invitrogen) with 5% FBS. Proviral DNA (67) from HIV subtype B, an X4 virus (the pKS242 molecular clone supplied by the AIDS Research and Reference Reagent Program), was used to transfect Vero C1008 cells, and the virus was then propagated in CEM-SS cells. Continuous cultures were maintained, and HIV-containing supernatant was collected fresh for each experiment. 174 ϫ CEM cells, which produced more obvious cytopathic effects (CPE) than CEM-SS cells, were used for determining virus infectivity.
MAbs. Hybridomas secreting previously characterized anti-HIV IgG antibodies against the gp120 V3 loop (D19 and D47), the CD4 binding site region (D25), the gp41 cluster 1 region (D61), and unknown conformational epitopes (D10 and T33) were generously provided by Patricia Earl (21, 22, 72) . Matching IgA monoclonal antibodies (MAbs) were obtained by repetitive cycles of limiting dilution and spontaneous isotype switching of the IgG hybridomas (10, 40) . Control IgA was a MAb against measles virus fusion protein (83) . The MAb specificities were confirmed by Western blotting. The production and purification of MAbs and the determination of the percentages of IgA oligomers in MAbs were performed as described previously (83) .
MAb transcytosis through polarized epithelial cells. Mouse IgA is known to be efficiently transported by human pIgR (74) , and the extent of transport was assessed for both free MAbs and antibody-virus immune complexes. Purified IgA or IgG (12 g in 120 l of medium [100 g/ml]) with or without HIV was incubated at 4°C for 3 h. The free MAbs or immune complexes were then added to the basolateral chambers below polarized pIgR ϩ or pIgR Ϫ Vero C1008, HEC-1A, and HT-29 cells for incubation at 37°C. Apical supernatants were collected after 8 h, and the Ig content was analyzed via enzyme-linked immunosorbent assay (ELISA) (39) .
Excretion of HIV. When cell membranes were polarized (as assessed by monitoring electrical resistance), fresh HIV supernatant from CEM-SS cells, with an average copy number of 4 ϫ 10 9 virions per ml, was prepared. Step RT-PCR system (Invitrogen) was performed using primers for the V3 region of the HIV envelope protein gene (59) , and the 320-bp fragment was detected by ethidium bromide staining after gel electrophoresis. In some cases, polarized cell monolayers had either free virus or immune complexes added apically rather than basolaterally prior to the 8-h incubation. For those membranes, the basolateral medium was sampled and tested for HIV.
To determine the sensitivity of the assay to detect HIV, the same HIV used to form immune complexes was serially diluted and RNA was extracted for RT-PCR. The positive controls for each experiment were made from a 10 Ϫ6 dilution of the HIV used to form the immune complexes, and the controls were run concurrently with the apical samples.
Evaluation of binding of IgA to HIV and of immune complexes to pIgR. The relative affinities of the MAbs for HIV were examined. ELISA plates (96 well; Becton Dickinson) were coated overnight at 4°C with HIV supernatant in a 50% mixture with 50 mM carbonate buffer (pH 9.6). The plates were blocked with 1% bovine serum albumin-phosphate-buffered saline at room temperature for 5 h and then incubated overnight at 4°C with three dilutions of the MAbs. Alkaline phosphatase-labeled goat anti-mouse IgA (Southern Biotech, Birmingham, AL) was added at room temperature for 5 h before detection with a 4-nitrophenyl phosphate disodium salt hexahydrate substrate (Sigma), and the optical densities at 405 nm (OD 405 ) were read with a microplate spectrophotometer. The level of binding of irrelevant IgA was subtracted to eliminate background effects.
The ability of HIV-IgA immune complexes to bind to recombinant human pIgR (R&D Systems, Minneapolis, MN) was assessed via ELISA. The pIgR was bound to ELISA plates at 4 g/ml (50 l per well) overnight at 4°C before the washing of the plates and the addition of immune complexes overnight at 4°C. A polyclonal mixture of mouse anti-HIV IgG was added for 5 h at room temperature before detection with alkaline phosphatase-labeled goat anti-mouse IgG (Southern Biotech). After OD determination, any level of binding of HIV individually was subtracted to eliminate background effects.
Infectivity of excreted HIV. An antibody capable of conventionally neutralizing pKS242 HIV (D47A) at 0.075 g/ml and one unable to neutralize at 50 g/ml (D10A) (39) were used for excretion. To determine whether the excreted HIV was still infectious, 2 ϫ 10 5 174 ϫ CEM T cells were added to the apical compartment 1 h after HIV-IgA immune complexes were added basolaterally to pIgR ϩ Vero membranes. The 174 ϫ CEM cells were centrifuged for 30 min at 1,500 ϫ g prior to apical addition to improve infection. Excretion was allowed to occur for 8 h at 37°C. The 174 ϫ CEM cells were collected and incubated for another 5 h before being washed three times with Hanks' balanced salt solution (HBSS; HyClone) to remove unabsorbed virus and p24. The T cells were then further incubated at 37°C and monitored for CPE. Supernatants were sampled at days 3, 5, and 7 for viral p24 analysis using an HIV-1 p24 antigen kit (Zeptrometrix, Buffalo, NY).
Epithelial cell monolayers monitored for infection after excretion. Each epithelial cell line was examined for possible productive HIV infection. After an excretion experiment, the epithelial cells were washed apically and basally three times with HBSS before being washed with 0.25% trypsin-EDTA (Invitrogen) for 1 min and then three more times with HBSS. The usual growth medium was added, cell monolayers were incubated at 37°C, and apical and basal media were sampled at days 3, 7, and 10. The samples were analyzed for viral RNA by RT-PCR and gel electrophoresis for amplicon detection by ethidium bromide staining.
Determination of excreted virus copy numbers. Apical and basal media were collected after 8 h of excretion through pIgR ϩ Vero cells. The copy number of excreted virus was determined with an Amplicor Monitor HIV-1 test, version 1.5, per the instructions of the manufacturer (Roche, Switzerland).
Statistical determinations. The means Ϯ standard deviations (SD) were used to analyze the results of binding and viral copy number analyses. Significance was determined with unpaired two-tailed t tests by using GraphPad Prism (GraphPad Software, San Diego, CA).
Colocalization of IgA and HIV in complexes within polarized epithelial cells. After 8 h of excretion with pIgR ϩ Vero, HEC-1A, and HT-29 cell monolayers and a mixture of HIV and 100 g/ml D10A/D47A or irrelevant IgA MAb in the basolateral chambers, the membranes were washed, fixed in 2% paraformalde-VOL. 82, 2008 HIV EXCRETION ACROSS POLARIZED EPITHELIUM BY IgA 11527
hyde, and permeabilized with 0.1% Triton X-100 (39) . The HIV proteins were stained with mouse IgG MAbs against gp160 epitopes different from those epitopes bound by D10 or D47. Rhodamine-labeled goat anti-mouse IgG was used to detect HIV proteins (red fluorescence) and fluorescein isothiocyanatelabeled goat anti-mouse IgA (39) was used to stain transcytosing IgA (green fluorescence). Two-color immunofluorescence confocal microscopy (performed at the Case Western Reserve University/Ireland Comprehensive Cancer Center confocal microscopy facility) was used to visualize HIV and IgA antibody within the epithelial cells. A model 510 laser scanning confocal microscope with a 100ϫ alpha Plan-Fluar oil immersion objective lens (Zeiss, Thornwood, NY) was used to detect fluorescence with excitation at 488 nm from an argon laser and at 543 nm from a He/Ne laser.
RESULTS

MAbs.
The anti-gp120 and -gp41 IgG hybridomas were isotype switched to IgA with the same V regions to allow comparison between the matched IgA and IgG antibodies. Table 1 lists the MAbs and the percentages of oligomers (only the oligomers bind pIgR and are able to be transcytosed). The MAbs were more than 90% pure as determined by densitometry after sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
MAb transcytosis through polarized epithelial cells. MAb transcytosis was assessed at 8 h for each polarized cell line with each MAb singly or combined to yield a final MAb concentration of 100 g/ml in the basolateral chamber with or without HIV ( Detection of HIV by RT-PCR. To measure HIV, serial dilutions of the virus prior to the addition of MAb were processed by extracting viral RNA for RT-PCR and electrophoresing the products on an agarose gel to visualize a 320-bp amplicon from the gp120 gene (Fig. 1A) . HIV was detected to the 10 Ϫ8 dilution. The positive control for each experiment was generated from a 10 Ϫ6 dilution of the HIV used to make immune complexes.
Abilities of different IgA antibodies against gp120 and gp41 to excrete HIV. To determine the excretion abilities of different IgA antibodies (Table 1) , each MAb (100 or 300 g/ml) was mixed with HIV for 3 h at 4°C to allow the formation of immune complexes. The immune complexes were then added to the basolateral compartments of Transwell chambers below polarized pIgR ϩ Vero cells. After 8 h of incubation at 37°C, apical medium was collected and processed to detect viral RNA. At 100 g/ml, anti-gp41 MAb D10A and anti-gp120 MAb D47A showed robust excretion abilities (Fig. 1B) . D25A, also active against gp120, excreted HIV at a lower level. The three anti-HIV IgA MAbs that did not excrete HIV at 100 g/ml (results for D61A are not shown in Fig. 1B ) were tested at 300 g/ml (Fig. 1C) . T33A and D61A still did not excrete HIV, but D19A did. Irrelevant IgA at 300 g/ml did not excrete HIV (data not shown).
IgA binding to HIV. Because of differences in the levels of HIV excretion among the IgA antibodies, the ability of each MAb to bind HIV was assessed via ELISA. Three antibody concentrations (100, 50, and 10 g/ml) were analyzed and yielded identical relative binding patterns. The results with 100 g/ml are shown for illustration ( Fig. 2A) . Increased binding to HIV corresponded with more efficient excretion ability, i.e., D10A and D47A yielded the most robust excretion (Fig. 1B) and bound best to HIV (Fig. 2A) . Interestingly, when D10A and D47A were combined, IgA binding to HIV was significantly increased over that of D10A (P Յ 0.0006) or D47A (P Յ 0.001) individually. D19A and D25A had intermediate binding to HIV and were capable of virus excretion (Fig. 1 ), though at lower levels than D10A and D47A. The MAbs with the least HIV binding abilities, T33A and D61A, were incapable of excretion even at 300 g/ml.
Immune complex binding to pIgR. Immune complexes of HIV and IgA antibody (at a 100-g/ml final MAb concentration) were tested for the ability to bind to pIgR. After immune complex binding to pIgR, the associated HIV was detected by ELISA. D10A and D47A complexes bound to the greatest extent (Fig. 2B) . When D10A and D47A were combined to yield mixed immune complexes, there was significantly increased binding compared to that of D10A (P Յ 0.00001) or D47A (P Յ 0.0003) alone. D19A and D25A, which were capable of weak excretion (Fig. 1) , yielded similar, moderate levels of binding to pIgR. T33A and D61A, which bound weakly to HIV but did not excrete HIV, produced immune complexes that failed to associate with pIgR.
Synergy in HIV excretion. The ability of different IgA antibodies to work synergistically in virus excretion was assessed by using D10A and D47A in combination to form HIV-IgA immune complexes. Immune complexes with D10A (50 g/ml) plus D47A (50 g/ml) in the basolateral chamber below pIgR ϩ Vero cells yielded increased levels of HIV excretion compared to that yielded by each individual IgA at 100 g/ml. The apical copy number of HIV with the combination of D10A and D47A (50 g/ml each) was 289,000 (Ϯ68,000) virions per ml, whereas that with D10A alone (100 g/ml) was 96,000 (Ϯ17,000) virions per ml and that with D47A alone (100 g/ml) was 173,000 (Ϯ59,000) virions per ml (Fig. 3A) . Virus excretion with the combined MAbs was therefore increased 1.7-fold over that with D47A alone (P Յ 0.042) and 3-fold over that with D10A alone (P Յ 0.002). Figure 3B shows the viral band intensities after excretion by the individual and combined IgAs. The individual IgAs at 50 g/ml each yielded the least intense bands, and the bands from 100-g/ml concentrations of the individual MAbs were less intense than those from the combination of D10A and D47A. Vero cells without the pIgR receptor were unable to transport IgA and did not excrete HIV, even with the combination of D10A and D47A at 100 g/ml (data not shown). Incubation at 4°C rather than 37°C did not allow excretion to occur (data not shown).
HIV excretion is IgA antibody concentration dependent. To observe HIV excretion as a function of the IgA antibody concentration, equal volumes of HIV and D10A/D47A at concentrations ranging from 8.3 to 100 g/ml were mixed and the mixture was placed into the basolateral chambers below polarized pIgR ϩ Vero cell monolayers. After 8 h of excretion at 37°C, HIV in the apical medium was assessed by the extraction of viral RNA, followed by RT-PCR and gel electrophoresis analysis of the PCR product. At the lowest MAb concentration (8.3 g/ml), no viral excretion was detected. At 25 g/ml, apical HIV was detected, and the extent of virus excretion increased further according to the IgA concentration (Fig. 4) . The amount of virus detected after the addition of 200 g/ml of IgA was comparable to that detected after the addition of 100 g/ml, indicating a plateau (data not shown). Neither V-region-matched IgG nor irrelevant IgA at 100 g/ml excreted HIV.
HIV excretion by IgA antibody is time dependent. To determine whether IgA-mediated excretion depends on the duration of basolateral exposure to immune complexes, HIV-IgA complexes (containing D10A/D47A at 100 g/ml) were added to the basolateral chamber below polarized pIgR ϩ Vero cells and incubated at 37°C. At 2, 4, 8, and 12 h, apical medium was collected and viral RNA was extracted for RT-PCR and detected by gel electrophoresis. Apical HIV was detected first at 4 h, and the amount increased with further incubation (Fig. 5) . Irrelevant IgA and V-region-matched IgG were not able to transport HIV through the cell monolayer after 12 h of incubation.
Infectivity of excreted HIV. The infectivity of the excreted HIV transported with either conventionally nonneutralizing D10A or neutralizing D47A through pIgR ϩ Vero cell monolayers was analyzed. 174 ϫ CEM T cells placed in the apical compartment during virus excretion mediated by D10A became infected, as indicated by CPE and p24 production (Fig.  6) . T cells incubated with HIV from D47A-mediated excretion produced no visible CPE, and p24 levels were below the level of detection (data not shown).
HIV excretion through polarized human epithelial cells.
To assess whether human epithelial cell lines that naturally express pIgR can mediate excretion, as observed with pIgRtransfected Vero (primate) cells, HEC-1A, a human uterine endometrial cell line, and HT-29, a human colorectal cell line, were tested for excretion. HIV and IgA, a combination of D10A (50 g/ml) and D47A (50 g/ml), were mixed as described above and added to the basolateral compartment under polarized human cell monolayers, and the chamber was incubated at 37°C. The apical medium was sampled at 8 h, and the viral RNA was extracted, amplified by RT-PCR, and analyzed by gel electrophoresis. Both human cell lines, HEC-1A and HT-29, allowed IgA antibody to excrete HIV (Fig. 7) . Excretion did not occur with irrelevant IgA or V-regionmatched IgG.
Lack of productive infection of cell monolayers during excretion. Vero, HEC-1A, and HT-29 cell monolayers were washed thoroughly after HIV excretion by either D10A or D47A antibodies. Cells were then further incubated, and apical and 9) h of basolateral exposure to HIV immune complexes with D10A/D47A at 100 g/ml. IgG and IgA controls (con.) at 12 h (lanes 10 to 13) were as described in the legend to Fig. 3 . The positive control (PC) was as described in the legend to Fig. 1 . M, molecular size markers.
FIG. 3. Synergy of HIV excretion through pIgR
ϩ Vero cells with a combination of D10A (anti-gp41) and D47A (anti-gp120). (A) Viral copy number in virions per milliliter (mean Ϯ SD; n ϭ 2) detected in the apical compartment after 8 h of excretion with D10A or D47A alone and in combination at a final MAb concentration of 100 g/ml. (B) RT-PCR products comparing virus excretion levels with D10A or D47A at 50 and 100 g/ml and the D10A/D47A mixture (50 and 50 g/ml). Lanes 12 to 15 contain the IgG control (con.), a 100-g/ml mixture of D10G and D47G, and the irrelevant IgA control. The positive control (PC) was as described in the legend to Fig. 1 . M, molecular size markers.
FIG. 4. HIV excretion through pIgR
ϩ Vero cells at different IgA antibody concentrations. Apical supernatants were analyzed after 8 h of excretion of basolateral virus from medium containing equal amounts of D10A and D47A at total concentrations of 8.3 (lanes 2 and 3), 25 (lanes 4 and 5), 50 (lanes 6 and 7), and 100 (lanes 8 and 9) g/ml. IgG and IgA controls (con.) were as described in the legend to Fig. 3 . The positive control (PC) was as described in the legend to Fig. 1 . M, molecular size markers. basal media were collected on days 3, 7, and 10. All samples were negative for viral RNA (data not shown).
Lack of recycling of HIV to the basolateral chamber. Reports of the transcytosis of apically added cell-free HIV have been inconsistent and strain dependent (16, 33) . The possibility that HIV excreted into the apical chamber may be recycled back to the basolateral chamber was assessed in our system. The addition of free HIV or HIV-IgA immune complexes to the apical compartment yielded no detectable HIV in the basolateral chamber after 8 h of incubation (data not shown).
Colocalization of HIV and IgA antibody during excretion. To confirm the continued interaction of IgA and HIV inside epithelial cells during the excretion of immune complexes, two-color immunofluorescence with a confocal laser scanning microscope was used. Polarized cell monolayers were collected after an 8-h excretion experiment with HIV and either a mixture of D10A/D47A or irrelevant IgA (anti-measles virus F protein) at 100 g/ml. Membranes with pIgR ϩ Vero or HT-29 cells were processed and stained with rhodamine conjugate (red) for HIV protein and with fluorescein isothiocyanate conjugate (green) for IgA. Figure 8 shows the HIV protein and IgA (D10A/D47A or irrelevant) in apical, middle, and basal cell sections. Both Vero (Fig. 8A ) and HT-29 ( Fig. 8B ) cells showed the colocalization of anti-HIV IgA (green) and HIV protein (red) at all levels (staining in HT-29 cells was more diffuse). Virtually no HIV was observed in the absence of immune complexes (Fig. 8, right panels) , i.e., irrelevant IgA showed no colocalization with HIV.
DISCUSSION
Mucosal surfaces, where IgA is the main class of antibody, are the primary site of heterosexual, homosexual, and vertical HIV transmission. Anti-HIV IgA in mucosal fluids from infected patients, exposed seronegative partners, and immunized macaques is capable of conventionally neutralizing HIV, preventing viral transcytosis from the apical surface through epithelial cells (14, 19, 45, 46, 50, 57, 61, 82) , and has been correlated with protection in exposed seronegative individuals (7, 17, 18, 44, 45, 57, 58) .
Another defense function of IgA antibodies, immune excretion, has been demonstrated for viruses by the transport of measles virus from the basolateral compartment through polarized epithelial cells to the apical compartment of Transwell chambers (83) and for inert antigens in a mouse model in which ovalbumin was excreted from the intestinal lamina propria into the lumen (66) . The present study is the first to demonstrate IgA-mediated immune excretion of HIV across polarized epithelial cells, indicating the potential for IgA antibodies to remove HIV from the mucosal laminae propriae of infected individuals.
The immune excretion of HIV demonstrated in this study required the presence of metabolically active pIgR on the basolateral surfaces of the epithelial cells since excretion was not observed with either pIgR Ϫ Vero cells or pIgR ϩ Vero cells incubated at 4°C. Excretion was also dependent on immune complexes containing IgA antibody since V-region-matched IgGs, which do not bind pIgR, were unable to excrete HIV. Furthermore, irrelevant IgA that cannot bind HIV but is transcytosed via the pIgR does not excrete virus, indicating that HIV-specific IgA is needed. Thus, HIV excretion requires both pIgR ϩ epithelial cells and HIV-specific IgA. Individual IgA antibodies can have different protective abilities, as indicated by a previous study with measles virus, which described an anti-fusion protein IgA that is nonneutralizing conventionally but moderate in intracellular neutralization and robust at virus excretion in comparison to a neutralizing antihemagglutinin IgA which is weak in excretion (83) . The antiviral capabilities also varied among the different anti-HIV IgA MAbs used in this study, in which excretion capacities ranged from none to robust. Such variations in activity presumably reflect differences in viral antigen specificity and the affinity of binding.
To help understand the observed excretion differences among the MAbs, they were tested for epithelial cell transcytosis ability in the presence of HIV, binding to HIV, and their binding as immune complexes to pIgR. While the transcytosis of the anti-HIV IgAs was reduced when HIV was present (Table 2) , this effect did not fully explain the excretion differences since the MAbs showed similar reductions. A correlation between viral binding and excretion was observed. Among individual MAbs, D10A (anti-gp41) and D47A (anti-gp120) produced the highest levels of excretion ( Fig. 1) and also bound best both to virus and as immune complexes to pIgR (Fig. 2) . D25A (anti-gp120) and D19A (anti-gp120) both had lower levels of binding to virus and as immune complexes to pIgR than D10A and D47A but were still capable of excreting HIV. T33A and D61A (anti-gp41) had the lowest levels of HIV binding, and their immune complexes showed virtually no binding to pIgR, in keeping with their failure to excrete virus. In summary, the ability of IgA antibodies to mediate excretion appears to be related to their ability to bind to virus, as well as their ability in immune complexes to bind pIgR. After appropriate immunization, the mucosal lamina propria contains a polyclonal population of antibodies, whose collective properties determine the effectiveness of protection. The results in prior reports have shown the ability of some MAbs to work synergistically to mediate HIV neutralization (3, 48, 51, 53) . The potential for antibody synergy in excretion function was tested here with IgAs against gp120 (D47A) and gp41 (D10A), and synergy was indeed observed (Fig. 3) . A likely explanation for the increased excretion is the ability of these two MAbs when combined to transcytose at higher rates than the individual MAbs (Table 2) , bind HIV more efficiently ( Fig. 2A) , and bind better to pIgR when in complexes with HIV (Fig. 2B) .
HIV excretion was detected at 25 g/ml IgA antibody and increased as the IgA antibody concentration was raised. The effect plateaued at 100 g/ml (Fig. 4) , which is roughly consistent with the concentration of IgA in human external secretions (40) and dog mesenteric lymph (77) . These results suggest that physiological IgA antibody concentrations may mediate excretion in vivo, especially since the heterogeneous polyclonal IgA antibodies produced during actively induced immune responses would include antibodies of greater affinity than the MAbs employed in the present study. Furthermore, the extensive daily production of IgA, greater than that of all the other Ig classes combined (42) , allows the mucosae to have newly synthesized IgA continuously available for the binding and transport of antigens. Given the enormous surface area of the body's mucosae, especially in the intestinal tract, the ongoing excretion of virus has the potential to reduce viremia and, in the case of HIV, to limit damage to mucosal T cells whose loss can set the course of future disease (4, 28, 31) .
Though IgA-mediated immune excretion removes antigen from the lamia propria, it has not been shown to cause the intracellular degradation of antigen (66) . D10A antibody, in contrast to D47A, lacks conventional and intracellular neutralization activities (39) but is capable of binding and excreting HIV, indicating that excretion function is not directly related to neutralization ability. The different neutralizing abilities of D10A and D47A provided an opportunity to study whether excreted virus could remain infectious. Not unexpectedly, neutralizing D47A MAb excreted noninfectious virions while D10A transported infectious virus as indicated by CPE and confirmed by p24 production by infected T cells (Fig. 6) . Other studies have shown that the apical-to-basolateral transcytosis of HIV through epithelial cells can be interrupted by IgA or IgM antibody transcytosing from the basolateral compartment and that virus redirected to the apical side remains infectious (8, 35) . Additionally, phagocytes can become infected after ingesting antibody-bound HIV via Fc receptor intake (36, 73) , and since epithelial cells may be capable of supporting HIV replication, it is possible that virus from antibody-mediated excretion may infect epithelial cells. However, for the Vero, HEC-1A, and HT-29 cells studied here, productive infection resulting from excretion was not detected.
HEC-1A, a uterine endometrial cell line, and HT-29, a colorectal cell line, are both derived from mucosae where IgA transcytosis through the lining epithelium occurs. Both these human cell lines express endogenous pIgR and therefore demonstrate the potential capacity of human mucosal epithelial cells to excrete HIV from the lamina propria, thereby helping to protect mucosal T cells.
The vesicular transcytosis of polymeric IgA begins with its binding to pIgR, followed by the endocytosis of IgA and pIgR at the basolateral cell membrane before transport through a series of endosomal compartments and release into the apical mucosal secretions (42) . Confocal microscopy showed the colocalization of transcytosing IgA antibody and HIV within the basal, middle, and apical portions of polarized epithelial cells, consistent with the established pathway of pIgR-mediated transport for apical release (Fig. 8) . Colocalization was observed for both a pIgR-transfected primate cell line and a human cell line with endogenous pIgR expression.
It is apparent that IgA antibodies can manifest a number of anti-HIV properties. IgA has been shown previously to block the apical adherence of HIV to epithelial cells and inhibit the apical-to-basolateral transcytosis of HIV (1, 2, 16 ). We have previously demonstrated that IgA antibodies against the envelope proteins gp120 and gp41, as well as the internal proteins RT and Gag, can mediate HIV neutralization intracellularly during their epithelial transcytosis (39, 81) . In the present work, we provided evidence in vitro for another host defense function in which anti-HIV IgA excretes virus across epithelial cells. Determining the significance of our findings for mucosal defense in vivo must, of course, await future studies, including experiments with R5 viruses, which tend to be associated with initial infection.
Currently, there is considerable interest in the possibility that an increase in microbially derived antigens in the intestinal mucosa leads to a detrimental chronic activation of the immune system during HIV infection (12, 20, 30) . Therefore, mucosal IgA antibodies that can excrete intact HIV and its individual components, as well as the products of other microbes, may be significant in attempts to improve the clinical response to HIV exposure. The findings of the present study and others illustrating the multiple protective functions of anti-HIV IgA would seem to support the rationale for mucosal immunization strategies against HIV.
